Abstract-GaInAsP photonic crystal point-shift nanolasers operate at room temperature under pulsed and continuous-wave condition by photopumping with an effective threshold of ∼1 μW, a single-mode peak of over 40 dB, and a small modal volume of ∼0.2 times the cubic wavelength. We report the details of its design, fabrication process, measurement method, and lasing characteristics. In particular, we reveal that wide spectral broadening often observed for nanolasers under pulsed condition is caused by large thermal chirping. Then, we focus on a nanolaser-based liquid index sensor that is also applicable to detecting gases and biomolecules. The dependence of the laser's sensitivity and resolution on the modal profile and spectral linewidth are investigated. We also configure the laser in a large-scale array and demonstrate spectrometer-free sensor system. Finally, we present a nanoslot (NS) nanolaser that is particularly suitable for further reducing the modal volume and enhancing light-matter interaction and sensor performance. Additionally, we demonstrate the high sensitivity and spectral narrowing by the unique optical confinement in the NS.
ture large-scale advanced photonic systems. Microlasers consisting of photonic crystals (PCs) [1] [2] [3] [4] [5] [6] and whispering gallery mode cavities [7] , [8] are anticipated to function as on-chip light sources, signal processing devices, quantum electrodynamics tools, sensor heads, and so on. For a wide range of applications, such microlasers are first required to operate under room temperature continuous-wave (cw) condition. Target wavelength λ depends on the application, but near-infrared around 1.55 μm is a good candidate that can exploit mature materials such as GaInAsP [8] and various measurement tools for silica fiber communications. For dense integration, ultimate threshold reduction, and the enhancement of light-matter interactions of microlasers, the modal volume V m [1] has to be as small as possible; close to the diffraction limit. A moderately high Q of the laser cavity provides low threshold and efficient output. It is limited by the diffraction loss with decreasing V m , but the diffraction loss can be minimized by optimizing the cavity structure, and is also limited by the scattering loss due to disordering of the structure and the free carrier absorption (FCA). While the scattering loss is a technical issue, the FCA is an essential constraint. Unlike passive cavities, Q in microlasers is limited by the FCA to tens of thousands in standard quantumwell (QW) microlasers. Therefore, the reduction of V m becomes more challenging once the Q limited by the diffraction and scattering losses reaches the FCA limit.
In this paper, we discuss PC microlasers that achieve a smallest V m simultaneously with a sufficiently high Q. PCs are artificial mosaic structures having a periodicity comparable to λ [9] , [10] . The PC slab consisting of high-index membrane perforated by airholes is the most common structure that balances a useful pseudophotonic bandgap (PBG) and easy fabrication [1] , [11] . Light is confined in the slab by total internal reflection, and an in-plane PBG occurs for the TE-like polarization. Microcavities are easily formed by removing and/or shifting some airholes. In comparison with other microlaser structures such as vertical cavities [12] , [13] , disks [8] , [14] [15] [16] [17] [18] , rings [17] , [19] , toroids [20] , [21] , and spheres [22] , [23] , welloptimized PC microlasers have achieved much smaller V m for the same Q. This is attributed to the spatial Fourier analysis of PC microcavities that visualizes leaky components of the cavity mode and allows the strategic optimization of the cavity [24] . Single-point defect PC cavities with one missing airhole (usually called H1) have a modal length shorter than 1 μm in all directions at λ ∼ 1.55 μm; hence, they should be called nanocavity and nanolaser. A nanolaser smaller than H1 can be formed only by shifting some neighboring airholes, as shown in Fig. 1 . We call it point-shift nanolaser or H0 nanolaser, meaning no missing airholes [6] , [25] [26] [27] [28] [29] [30] .
More than ten years have passed since the first pulsed operation in PC nanolaser has been achieved. However, the room temperature cw operation is still limited, and large-scale integration, high-yield operation, and practical applications have not yet been investigated. Through ongoing studies during this time, we are convinced that GaInAsP QW PC H0 nanolaser is one of the most promising candidates toward these issues. In this paper, we comprehensively report the detailed design, fabrication and measurement methods, laser characteristics, and sensor operation of H0 nanolaser. We also propose and demonstrate a device that includes a nanoslot (NS) structure that provides unique light localization both inside and outside of the semiconductor and improves the sensor performance.
In Section II, we summarize the theoretical dependence of the cavity mode and laser characteristics on structural parameters. In Section III, we describe the fabrication process, focusing on hydrogen iodide (HI) inductively coupled plasma (ICP) reactive ion etching, which greatly simplifies the fabrication process. In Section IV, we present the measurement setup and the measured laser characteristics. In particular, we reveal that the broad spectrum often observed in nanolasers under pulsed condition arises from large thermal chirping. In Section V, we discuss the laser's sensor applications, showing the optimizations for high sensitivity and resolution. We demonstrate the performance of a single device as well as large-scale array configuration suitable for spectrometer-free sensor system. In Section VI, we present the NS nanolaser. After showing its theoretical characteristics of unique light localization, we demonstrate high-quality fabrication of very narrow NS and clear laser operation. We confirm the light localization experimentally and observe suppressed thermal chirping and enhanced sensitivity that together give a much higher resolution in sensing.
II. STRUCTURE AND THEORETICAL CHARACTERISTICS

A. Laser Wafer
Since the active layer of laser wafer is perforated by airholes in PC slab micro/nanolasers, surface recombination of carriers at the airhole sidewalls must be suppressed. Many studies have employed GaInAsP QWs for low surface recombination velocity υ s [16] , [31] and (Ga)InAs quantum dots for low carrier diffusion to the etched sidewalls [32] . In this study, we employ GaInAsP QWs with 1% compressive strain, epitaxially grown on (1 0 0) InP. In addition to the low υ s , the QWs have the following advantages:
1) commercial availability of high-quality wafer, 2) polarized emission compatible with the PBG in PC slabs, 3) high modal gain and absorption, applicable not only for lasing but also for signal processing [27] , and 4) active/passive integration possible by regrowth process [33] , [34] . One severe issue with GaInAsP is the large thermal resistivity of ∼20 K·cm/W that makes cw operation difficult. Most of PC slabs reported so far are cladded by air for the purpose of strong optical confinement. Therefore, the thermal resistance in GaInAsP PC slab micro/nanolasers is usually as high as 10 5 -10 6 K/W [6] , [35] . Therefore, microwatt-order low threshold is necessary for cw operation.
We proceed the discussion with two wafers: single QW (SQW) wafer and 5QW wafer. Band lineups of these wafers used in our experiments are shown in Fig. 2 . The total thicknesses of the GaInAsP layers t in these wafers are 0.18 and 0.24 μm, respectively. The main differences between these two for lasing are the optical confinement factor into QWs, Γ QW , active volume V a , and Q limited by the diffraction loss Q dif . The detail of Q dif is discussed later. We mention here that Γ QW affects the Q limited by the FCA, Q FCA . It is expressed as
where λ is the lasing wavelength, n eq is the equivalent model index, and α FCA is the absorption coefficient of the FCA determined by the carrier density. By substituting λ = 1.55 μm, n eq = 4.0, and Γ QW = 2.1% for the SQW and 9.2% for the 5QW, as well as α FCA = 60 cm −1 for a carrier density of 3 × 10 18 cm −3 into (1), Q FCA is estimated to be 130 000 and 29 000, respectively, for the SQW and 5QW. layers n slab = 3.4, an index of air n air = 1.0, a normalized airhole diameter 2r/a = 0.6, and a normalized slab thickness t/a = 0.32, where a is the lattice constant and 2r is the airhole diameter. The PBG lies at the normalized frequency a/λ = 0.29-0.36. It is known that larger 2r/a expands the PBG, but also expands the light cone of diffraction condition and degrades the Q dif . The aforementioned 2r/a is the value of appropriate to balancing them. By assuming the target a/λ to be 0.30-0.36 and λ = 1.55 μm, a is designed to be 0.47-0.56 μm, 2 r = 0.28-0.34 μm, and t = 0.15-0.18 μm, respectively.
B. Cavity Structure and Modes
The H0 nanocavity is formed by shifting two adjacent airholes in the x-direction by an amount s x . Cavity modes can also be tuned by other shifts and diameter tuning. In this paper, we discuss the shift s y of the other two airholes in addition to s x (see Fig. 1 ). Fig. 4 summarizes the resonant spectrum, field and energy distributions of two cavity modes, and their spatial Fourier transform (FT) that are calculated by 3-D finitedifference time-domain (FDTD) method. Here, we set the Yee cell size at 0.04a on each side (e.g., 20 nm at a = 0.50 μm), and assume that s x /a = 0.16 (80 nm) and s y /a = 0 as well as 2r/a = 0.54 (2r = 0.27 μm) and t/a = 0.42 (t = 0.21 μm). Two resonant peaks on the low-and high-frequency sides in Fig. 4 (a) correspond to monopole and dipole modes, respectively. Their gap divided by the midgap frequency is 0.067 in this case, but varies with airhole shifts s x and s y . The monopole mode in Fig. 4 (b) has one major antinode of the vertical magnetic field H z in the space between shifted airholes. Its field penetrates mainly in two of the Γ-X-directions, as seen in Fig. 4(c) , and the leaky components inside the white circle indicating the light cone in the Fourier spectrum in Fig. 4(d) are well-suppressed. The dipole mode has two major antinodes with larger penetration in another Γ-X-direction, and the diffraction components are obviously larger than the monopole mode. This suggests that the monopole mode has a higher Q dif . When PC waveguides are integrated with the nanocavity, optical coupling to each mode is possible by arranging the waveguides in different directions of the field penetration. This system will be effective for resonant pumping [29] and waveguide coupling [30] , [33] . Fig. 5 shows the dependence of a/λ , Q dif , and V m of the monopole mode on structural parameters, while 2r/a = 0.6, s x /a = 0.16, and s y /a = 0 are fixed. The change in a/λ is sensitive to 2r/a and s x /a and insensitive to s y /a. Therefore, coarse and fine-tuning of frequency are possible by controlling them appropriately. It is particularly effective when integrating a large number of nanolasers at different wavelengths on a chip, as discussed in Section V. The highest Q dif for t/a = 0.46 (e.g., t = 0.23 μm for a = 0.50 μm) is 1 × 10 5 at s x /a = 0.16 (s x = 80 nm). This value is comparable with the aforementioned FCA limit for the SQW. When t/a = 0.32 (t = 0.16 μm), Q dif decreases to 5 × 10 4 because a/λ becomes larger, the light cone is expanded, and the diffraction components increase. It is still very high, but slightly affects the threshold. For these t/a, V m is less than 0.2(λ /n) 3 in a wide range of s x /a and takes a minimum value of 0.14(λ /n) 3 at s x /a = 0.12 (s x = 60 nm).
C. Q Dependences of Laser Characteristics
Rate equations are solved for the carrier density N(x,y) and the photon density S of the monopole mode by taking into account the surface recombination and carrier diffusion. We assume an active layer as shown in Fig. 2 (a = 0.52 μm and 2r = 0.26 μm), Gaussian circular photopump spot at λ = 0.98 μm with a 1/e 2 diameter of 2.4 μm, and the same material parameters as those in [36] . We also assume that the modal profile and V m = 0.019 μm 3 calculated by FDTD do not change with the carrier excitation, because the mode is strongly defined by the high-index contrast structure. We use the spontaneous emission factor multiplied by the Purcell factor, FC = 10, which we previously estimated by fitting the experimental mode intensity and lifetime characteristics with theory [6] . By regarding the pump power, we define three different values. The total irradiated power P irr is given by integrating the Gaussian spot. The absorbed power P abs is given by considering its imperfect absorption in the slab. The absorption coefficient at the pump wavelength is set at 20 000 cm −1 . The multireflection in the slab [18] is considered and pump light passing through airholes is excluded. It is calculated as P abs = 0.20P irr for a = 0.52 μm, 2r = 0.26 μm, and t = 0.18 μm. The effective pump power P eff is estimated by counting further the spatial overlap of the pump spot with the effective modal area that is defined here as the central oval area inscribed to the shifted airholes. It is calculated as 0.12P abs for the same a and 2r, s x = 80 nm, and s y = 0 nm. The laser mode output P out is calculated from ηωSV a /τ ph , where η is the external quantum efficiency defined as the sum of modal diffraction and scattering losses divided by the total loss including the FCA and τ ph is the modal photon lifetime. Fig. 6 shows the threshold power in P irr , P abs , and P eff for the aforementioned a, 2r, s x , and s y . The threshold is determined from the equal balance between the spontaneous and stimulated emissions. Here, we explicitly show the passive Q pas as a parameter. It is defined as (Q affected by the scattering loss. It means that Q pas is degraded from Q dif in Fig. 5 (b) by the disordering in fabricated devices. The FCA is separately taken into account in the calculation. In general, the threshold decreases with the increase in Q pas . When Q pas < 2000, the threshold of the 5QW device is lower due to higher gain of the wafer. For higher Q pas , the threshold reduction is saturated by the FCA limit. In the SQW device, the gain is lower, but the number of carriers for population inversion is also lower due to smaller V a . The SQW wafer gives a lower threshold at Q pas > 2000 as the threshold gain is reduced. The saturation due to the FCA limit for this wafer becomes evident at Q pas > 10 4 . Fig. 7 (a) shows the P out versus P eff characteristics for SQW devices and the calculated distribution of N(x,y) above threshold. Parameters are the same as for Fig. 6 . Since the pump area is larger than the modal area, the spatial hole burning is clearly observed at the modal area that limits the internal quantum efficiency. The semilogarithmic plot in Fig. 7(a) shows the nonlinear rise of P out . The thresholdless behavior is often discussed for nanolasers with large FC. However, P out below threshold is not strong particularly in high Q pas devices, because τ ph extended by the high Q pas accelerates the reabsorption of the laser mode [6] . The thresholdless behavior stands out for lower Q pas , as seen more clearly in the log-log plots of Fig. 7(b) . The rise point in Fig. 7 (a) does not necessarily correspond to the threshold indicated by small dot on each curve; P out can be sufficiently high when Q pas is moderately low so that light extraction occurs quickly through the laser mode below threshold.
III. FABRICATION
The SQW and 5QW wafers used here consist of GaInAsP layers grown on (1 0 0) InP substrate and cladded by 0.3-0.5-μm-thick InP. PC patterns are formed into 0.4-μm-thick resist Zeon ZEP520A, using e-beam writer Elionix ELS7300 and ELS7500, with a gun voltage of 20 and 50 kV, respectively. We do not observe significant differences between them except for proximity effect and reproducibility. After postbaking the resist at 130
• C, the semiconductor is directly etched by HI ICP reactive ion etching. After the etching, reactive products adsorbed on etched sidewalls are removed by diluted (NH 3 ) 2 S solution followed by concentrate H 2 SO 4 , O 2 plasma ashing, and HF. The air-bridge PC slab is then formed by wet etching InP using HCl:H 2 O = 4:1 at 3
• C with a 1 μm/min etch rate. For dry-etching GaInAsP/InP, chlorine-based gases are widely used. However, a high temperature of around 200
• C is required for sufficiently high vapor pressure of indium chlorides. Therefore, a dielectric or metal medium is usually used as an etching mask, but this increases the process complexity and degrades the pattern accuracy. In contrast, HI allows low temperature etching with the resist mask, owing to high vapor pressure of indium iodides. Note that this etching is very sensitive to various condition and parameters. We particularly optimize them not for wide-area patterns but for airholes of less than 0.3 μm diameter. The etcher is Samco RIE-200ip, whose chamber is made of aluminum covered with natural oxides. The sample is pasted on InP wafer using vacuum grease and set in the chamber using electrostatic force. The edge of the InP wafer is covered with alumina ring so that only alumina and InP are exposed to the plasma. As alumina is not etched at all, no excrescent iodides are produced.
The detailed etching step is summarized in Table I . In the optimization procedure, we first observed that a high ICP power increases the edge roughness of the airholes. It may be due to local heating of the resist. Therefore, we employ a low ICP power of 100 W. In general, the aspect ratio and etching rate are improved by a high bias power. However, holes rapidly shrink toward the bottom when physical etching is dominant. Both physical and chemical etchings are moderately controlled and the sidewall angle increases close to 90
• by adjusting the gas pressure to 0.28 Pa with a bias power of 300 W. By regarding gas flow rate, a high value is usually preferred for evacuating reactive products quickly. However, severe side etching occurs at an HI flow rate over 1 sccm that might be caused by incoming neutral radicals. The side etching is suppressed at a flow rate of 0.2 sccm. A small amount of Xe is first mixed in order to stabilize the plasma but stopped immediately because Xe stays behind for several tens of minutes during the etching process. The substrate temperature is set at 70
• C that is much lower than the resist baking temperature. Fig. 8 shows the cross-sectional view of airholes after the etching when the resist is thickened to 1 μm and the etching time at #5 in Table I is extended to 2700 s as a demonstration of high-aspect deep etching. Etch rates of InP and resist are ∼100 and ∼10 nm/min. The former is almost the same as that for wide-area patterns, but sidewalls of wide patterns are more tilted and the bottom is roughened. For GaInAsP layers, the average etch rate is approximately half of InP's. Note that excess side etching occurs for QWs at slightly higher temperature and lower bias power than the above. Careful control of these parameters is necessary to avoid this. Fig. 9 shows the top view of 38 airholes fabricated nearby the shifted airholes, where colors display the distribution of 2r. When the target 2r is 0.22 μm or smaller, we only observe such random fluctuation regardless of the position of shifted airholes. The standard deviation is 2.4 nm. It is much smaller than >10 nm observed for pure chlorine etching with a metal mask [18] , [35] . When the target is larger than 0.25 μm, the shifted airholes and their nearest neighbors are slightly expanded due to the proximity effect. The standard deviation of the roughness σ at the slab surface and airhole sidewalls are smaller than 5 nm. For Si PC microcavities with σ < 1 nm, Q > 2 × 10 6 has been reported [37] . Provided that Q scat is proportional to σ 2 [38] , we can expect Q scat > 3 × 10 5 for the σ < 2.5 nm roughness. As this value is comparable to or slightly higher than Q FCA , the current process is already sufficient for the nanolaser. The slab thickness t after HCl etching varies in the range of 0.15-0.18 μm although the total thickness of GaInAsP in the SQW wafer is 0.18 μm. This means that the outermost GaInAsP layer of λ g = 1.1 μm is etched away slightly. In addition, the edge of airholes in the PC slab is sometimes rounded [see Fig. 1(b) ]. The HI etching might induce some damage at the GaInAsP-InP boundary and degrade the selectivity of the HCl etching. Q scat could be degraded by these fabrication errors.
IV. MEASUREMENT
A. Setup Fig. 10 shows the schematic of the used measurement setup. For the photopump source, a 0.98-μm laser diode with singlemode fiber output is used. It is driven under pulsed (75 ns pulsewidth and 10 kHz repetition frequency) or cw condition. Pump light is irradiated on the sample with a 1/e 2 spot diameter of 2.4 μm through a 50× objective lens. Light output from the sample is collected by the same lens and branched into optical spectrum analyzers (OSAs) Advantest Q8383/Q8384 and InGaAs infrared camera Indigo Alpha NIR through polished Si substrate as a filter of pump light. Transmission losses of the pump and detection paths are 13.8 dB at 0.98 μm and 10.6 dB at 1.55 μm, respectively. All the characteristics are measured at room temperature, except for temperature dependences, for which Peltier cooling and heating are used. Fig. 11(a) shows the P out -P eff characteristics measured for many samples of 5QW and SQW devices. 5QW devices only exhibit pulsed operation with a minimum threshold of P eff = 5 μW. Based on the aforementioned theoretical and experimental studies, Q for 5QW devices is theoretically limited to 100 000, 300 000, and 29 000 each by Q dif , Q scat , and Q FCA , respectively. Thus, the final Q and threshold are expected to be 20 000 and 4 μW, respectively (see Fig. 6 ). This threshold value is very close to the experimental one. Since the device is heated even under pulsed operation, as discussed later, the output saturates at 3-4P th , and the spectrum in the inset becomes broad although the peak intensity is >35 dB higher than the background noise level.
B. Laser Characteristics
On the other hand, SQW devices exhibit both pulsed and cw operation with a minimum threshold of P eff = 0.9 μW. In this case, Q is theoretically degraded to 50 000, 300 000, and 130 000 each by the three losses, respectively. It leads to a final Q of 32 000 and a threshold of 0.7 μW that is also close to the experimental minimum. The maximum threshold for the cw operation is 2.5 μW, for which the corresponding Q is to be 3000. Light output increases rapidly above threshold and the laser characteristics similar to Fig. 7 are observed. The inset shows a spectral peak above threshold with an intensity of 40 dB higher than the background spontaneous emission that is sufficient to confirm the laser operation. Fig. 11(b) and (c) summarizes the measured a/λ of monopole and dipole modes as functions of s x /a and 2r/a, respectively. Here, cw lasing in the dipole mode was not confirmed from weak peak intensity of around 10 dB, so resonant emission peaks are plotted. In general, enlarging 2r/a and decreasing s x /a shrink the cavity area and shorten the laser/resonant wavelength. Calculated lines are in good agreement with experimental plots. This indicates that laser modes shown in Fig. 4 were actually obtained in this experiment. Fig. 12(a) shows lasing spectra for different pump powers under pulsed condition. As P eff increases, the longer wavelength side broadens very widely, while the shorter side broadens only slightly; the broadening reaches to 10 nm at P eff > 60 μW. In the past, such broadening had been associated with enhanced relaxation oscillation and self-pulsation [39] . However, we found that it is actually due to large thermal chirping in the thermally resistive nanolaser [40] . This is confirmed from time-resolved laser spectra, as shown in Fig. 12(b) . In the duration of pump pulse, the spectrum first blue shifts slightly and then red shifts continuously with a response time of ∼100 ns. We can explain that the blue and redshifts are caused by carrier plasma and thermo-optic (TO) effects, respectively. Provided that the TO effect in GaInAsP devices is 0.11 nm/K [41] , the 10 nm redshift corresponds to a temperature of ∼110
C. Spectral Behaviors
• C. One may suspect whether the nanolaser really maintains lasing at such a high temperature. However, the prospect is supported by the temperature characteristics measured by heating the sample holder, as shown in Fig. 13 . The laser operation is observed up to 130
• C. The characteristic temperature T 0 over 80 • C is 70 K that is a good value for GaInAsP lasers. We believe that it is attributed to the large Γ QW in the air-clad PC slab by giving strong optical confinement and a high modal gain.
Since the dynamic chirping is neglected under cw condition, the spectrum exhibits a much narrower linewidth Δλ s , as shown in Fig. 14 , which is decreased and saturated at 60 pm with increasing P eff . This final value is wider than the 10 pm resolution limit of our Q8384 OSA. Small thermal fluctuation of ∼0.5 K should broaden the spectrum. In fact, heating is confirmed from the redshift of lasing peak against higher P eff . By considering the absorbed pump power P abs , the power dependence of the redshift is estimated to be 0.13 nm/μW. From the earlier temperature dependence, the thermal resistance is estimated to be 
× 10
6 K/W that is almost the same as evaluated previously [35] . Since P abs for the highest threshold device is calculated to be 25 μW, the device would be heated to ∼60
• C even at threshold.
V. INDEX SENSING
A. Single Device
If air cladding of the nanolaser is replaced by another soft medium such as gases and liquids, the modal index increases and the laser wavelength red shifts by Δλ . Correspondingly, we can estimate the environmental index n env from Δλ [42] . The mode is mainly confined in the slab, but the evanescent field penetrates into the airholes and the upper and lower claddings. For example, the 1/e penetration depth of the field in water is calculated to be 0.11-0.14 μm for the aforementioned nanolaser with t/a = 0.24-0.56. Since target media within this depth are selectively detected, it is also effective for sensing a thin biomolecule layer adsorbed on the surface and sidewalls [19] , [21] , [43] , [55] , [59] .
We define the index resolution of the sensor, Δn res , in refractive index units (RIUs) as [28] Δn res = Δλ s (Δλ /Δn env )
where Δλ /Δn env denotes the sensitivity. Eq. (2) assumes a worst case that the fluctuation noise in the wavelength is the same as Δλ s , neglecting the intensity fluctuation. There are a number of reports on sensors based on similar resonant wavelength shift in passive micro/nanocavities. In comparison, nanolasers have the following three advantages: 1) Δλ s is automatically narrowed by the laser oscillation. This eliminates the constraint between the device size and Q factor in passive cavities and the instability of passive Q easily affected by the disordering. 2) Optical I/O are simplified since both the photopumping and the detection of laser emission can be done using free-space optics. This allows the separation of sensor chip and other measurement tools, and the production of low cost disposal sensor chips. This is not easy for passive cavities as they usually need fiber-coupled optical I/O, leading complicated process and high cost. 3) Coarse and fine observation can be mixed by changing the span and resolution for high-speed spectral analysis. It is not easy when a resonant mode in high Q passive cavities is searched by scanning the wavelength of tunable laser source. One may be anxious about the fabrication process of nanolasers using e-beam lithography that can be low throughput and high cost. However, it is not a problem actually. The device chip separated from other tools is very simple, so its fabrication is straightforward. The lithography area is very small for each chip and other process flow is also limited. Our rough estimate suggests that the chip cost is negligible compared with the cost of total sensor system. Fig. 15 summarizes the calculated sensing characteristics. Fig. 15(a) shows Δλ and Q dif of the monopole and dipole modes of the H0 nanolaser, as well as those of the H1 [44] , [45] , calculated as a function of n env . Here, the absorption of the environmental medium is not considered. λ redshifts almost linearly and Q dif decreases exponentially with increasing n env . In the range of n env = 1.3-1.4, which is typical of liquids, the H0 monopole mode simultaneously achieves a sensitivity of 320 nm/RIU and Q dif > 10 4 , both of which are larger than the H1's. This is attributed to the H0 cavity optimized by the spatial Fourier analysis. The dipole mode exhibits a higher sensitivity of 430 nm/RIU due to deeper field penetration, but its Q dif is much lower than others. Fig. 15(b) shows the sensitivity and Q of two H0 modes, calculated as functions of normalized airhole shifts. Here, water (n env = 1.321) is assumed as the environmental medium. It degrades Q in the same manner as FCA because it has an absorption coefficient of 6.72-28.8 cm −1 at λ = 1.4-1.6 μm [46] . Overall, the dipole mode exhibits a higher sensitivity but a much lower Q. When s y /a is larger than 0.12, Q of this mode is improved to higher than 3000. However, it is noted in this calculation that for such large s y /a, wavelengths of these two modes become closer and enhance the possibility of multimode lasing and mode hopping. To avoid this undesirable situation for sensing applications, s y /a must be smaller than 0.1. For the monopole mode, a higher sensitivity is obtainable with smaller shifts. However, Q will be lower than 5000 because the field penetration enhanced by the smaller shifts results in stronger absorption in water, and it is maximized up to 16 000 in water, when s x /a = 0.16 and s y /a = 0.02. In this condition, a sensitivity higher than 300 nm/RIU is expected. Fig. 15(c) shows the sensitivity and Q of the monopole mode in water, calculated as a function of normalized slab thickness. If the slab is thinned to t/a = 0.22, the sensitivity is enhanced to 410 nm/RIU, maintaining Q > 7000. For t/a = 0.30-0.36 in our experiment, we can expect 320-280 nm/RIU, respectively.
In evaluating the experimental Δn res , we used standard index liquids Cargille B0700/0701 with an index range of 1.296-1.451. The liquid is dropped on the device, a cover glass put on, and photopumped. Fig. 16(a) shows cw lasing spectra against various liquids. Very clear single mode peak is maintained with a maximum peak intensity of 50 dB above the spontaneous emission level. It is attributed to the heat sink effect of liquids having at least fivefold higher thermal conductivity than air. The minimum Δλ s measured in this experiment is 26 pm. It is smaller than that in Fig. 14(b) but still larger than the resolution limit of OSA. Even in liquid, the thermal fluctuation issue remains. In fact, we observe convection and sometimes boiling of the liquid during the cw operation, particularly when the liquid is water and the device surface is hydrophobic. From Fig. 16(a) , the sensitivity is estimated to be 280 nm/RIU. It is approximately the same as that expected from Fig. 15 . These Δλ s and sensitivity give Δn res = 9.3 × 10 −5 RIU. This value could be improved by suppressing the thermal fluctuation and using higher resolution OSA. Fig. 16(b) shows the experimental sensitivity with s x /a for two modes, where those of different lot samples with s y /a = 0-0.12 and t/a = 0.28-0.36 are plotted together. Some plots of the dipole mode are obtained for resonant emission peaks as we could not confirm the cw lasing. These plots roughly correspond to calculated results in Fig. 15(b) . The maximum sensitivity is 330 and 460 nm/RIU for the monopole and dipole modes, respectively, which were obtained for thinner slab samples. Some devices exhibit sensitivities as low as 150-230 nm/RIU, which are not expected in Fig. 15 . It has been reported that residual air around the airholes degrades the sensitivity [45] . This is also true in our experiment. Actually, we sometimes observe that the liquid does not infiltrate sufficiently underneath the slab when the device surface is hydrophobic after HCl etching. Such situation will be improved by chemical pretreatment for making the surface hydrophilic and/or by opening larger holes around the PC to release the air.
In this experiment, we also tested the pulsed pumping. In this case, the large spectral broadening in Fig. 12 is suppressed to 0.5-1 nm in a liquid. This result supports again our consideration that the spectral broadening is caused by the thermal chirping and the liquid is effective for heat sinking. The 0.5-1-nm broadening corresponds to a temperature rise of 4-9 K during the pumping. This broadening is not acceptable for high-resolution sensing, but can be suppressed by an NS structure, as discussed in the next section. The reduced temperature rise is preferable for stabilizing the condition of liquid. It will also be effective for sensing biomaterials, which is sensitive to and damaged by strong heating.
B. Array Configuration
To simplify the overall sensing system including nanolasers and OSA, we have proposed a large-scale array configuration, as illustrated in Fig. 17 [28] . For example, it is possible to integrate more than 1000 nanolasers within a (100 μm) 2 area, whether they are arranged 2-D with a 3-μm period. These nanolasers are designed to have different λ . They are operated simultaneously and their emissions are observed as a spot pattern by using infrared camera through bandpass filter (BPF) having a steplike spectral response. If λ is changed gradually along the order of nanolasers, the dot pattern simply shifts before and after dropping a liquid on the device, and n env is obtained from this shift. λ is not necessarily changed gradually. Even if it is changed randomly, n env can be estimated after premeasuring the correspondence between spot patterns and n env like 2-D matrix bar codes. Thus, it acts as a spectrometer-free index sensor.
In this method, the resolution Δn res is given by where Δλ X is the wavelength uncertainty at the boundary between bright and dark spots. The uncertainty is dominated by either or both the linewidth Δλ s , the nearest wavelength spacing between nanolasers, ΔΛ, and the intensity fluctuation converted by the BPF response (ΔI/I)/(ΔT/Δλ). Here, ΔI/I is the fluctuation in spot intensity induced from the pump source, nanolaser, and camera, and ΔT/Δλ is the spectral slope of the BPF at a 50% transmittance. Let us consider the case of our cw nanolaser, showing Δλ s = 26 pm and Δλ /Δn env = 280 nm/RIU, and assume reasonable values of ΔI/I = 0.01 and ΔT/Δλ = (6 nm) −1 . Then, (ΔI/I)/(ΔT/Δλ) becomes 60 pm that is larger than Δλ s . If we can set ΔΛ to be smaller than this value, Δn res becomes 2.1 × 10 −4 RIU. It would be a crucial issue, however, whether such a small ΔΛ is obtainable uniformly or not. Nonuniformity in ΔΛ results in erratic resolution. Fig. 18(a) shows the top view of fabricated nanolaser array. Here, 14 devices with a = 0.5 μm and s x = 60-125 nm (5 nm steps) are aligned in the x-direction. Here, s y is designed to be 40 nm, because a small s y shift improves the Q of monopole mode, as shown in Fig. 15(b) . The period of the alignment is set as wide as 20a = 10 μm so that neighboring emissions are observed separately (if we do not care for this point, we can reduce the period to less than 3 μm). In addition, six rows of such 1-D array are aligned in the y-direction with varying 2r from 0.215 to 0.240 μm (5 nm steps). In total, 84 devices are integrated within a (150 μm) 2 area that corresponds to a field size of e-beam lithography. The step size of 5 nm in s x and 2r are determined by the minimum possible values of lithographic parameters. Fig. 6(a) indicates that the minimum step in s x and 2r will provide Δλ = 5-7 nm and 10 nm, respectively, and λ will be in the range of 1.46-1.60 μm. In this preliminary measurement, we scanned the pump spot along the nanolasers and obtained the laser spectra, as shown in Fig. 18(b) . All the devices exhibit laser or resonant emission peak with sufficiently strong intensity. Here, the pumping is performed under pulsed condition to acquire high yield lasing, so Δλ s = 0.5-1 nm in liquids. Histograms of measured λ and ΔΛ are shown in Fig. 18(c) and (d), and λ is distributed in the range of 1.50-1.57 μm that is narrower than the designed range. More than 60 devices exhibit ΔΛ < 0.6 nm and other devices show ΔΛ up to several nanometers. The narrow range of λ and the nonuniform ΔΛ are mainly caused by the proximity effect in the e-beam lithography particularly around the shifted airholes. The wavelength shift due to s x tuning is partially canceled by the increase in 2r from the proximity effect, as mentioned in Section III.
Sensing operation of the nanolaser array is summarized in Fig. 19 . Fig. 19(a) shows the spectral response of the used BPF, where the slope at 50% transmittance is (6 nm) −1 , and the distribution of λ of all the devices measured by OSA. Except for device ID 15-42 and some others, the measured λ changes linearly with position. Blue and red plots show the wavelength shift against different liquids. A total of 24 devices exhibit unexpected wide wavelength shifts caused by mode hopping. Other devices show reasonably small shifts that can be used for sensing operation. Accordingly, the spot pattern changes, as show in Fig. 19(b) . As n env increases, the number of spots increases particularly on the line of ID 57-70. Thus, the spectrometer-free sensing is demonstrated. The sensitivity of all devices is summarized in Fig. 19(c) . The average sensitivity is 150 nm/RIU. It may be caused by the insufficient infiltration of the liquid, as mentioned earlier. From ΔΛ < 0.6 nm for 60 devices, Δλ s = 0.5-1 nm, and Δλ /Δn env = 100-200 nm/RIU, Δn res is estimated to be 2.5× 10 −3 -10 × 10 −3 RIU. On the other hand, four to six spots at ID 57-70 turn on after changing n env by 0.009, giving Δn res = 2.2 × 10 −3 -1.5 × 10 −3 RIU. Thus, rough correspondence is confirmed. The linewidth Δλ s is narrowed to less than 0.1 nm by employing an NS, as shown in the next section. The mode hopping will be suppressed by controlling s y more carefully and reducing the Q factor of the dipole mode. Here, ΔΛ < 0.6 nm is expected with sufficient uniformity by suppressing the proximity effect. The sensitivity will be enhanced up to 300 nm/RIU by removing residual air. Therefore, we believe that Δn res < 2 × 10 −3 RIU is practically anticipated even with the present technology. It is sufficient to distinguish common liquids such as water and alcohol and also some biosamples such as large-size proteins. Essential and/or technological improvements are necessary for quantitative analysis of mixed liquids and molecular-level detection of biosamples.
VI. NS NANOLASER
A. Structure and Theory
The smallest limit of V m in dielectric cavities is fundamentally dominated by the diffraction limit. A hint that breaks this limit is suggested by a slotted waveguide, in which a low-index NS is embedded between two high-index waveguides [47] [48] [49] . In such a waveguide, the optical field is enhanced and confined in the NS even when light is guided by total internal reflection. Such anomalous enhancement and confinement are explained as follows. For a high-index contrast interface, Maxwell's equations dictate that in order to satisfy the continuity of the normal component of electric flux density D, the corresponding E field must undergo a large discontinuity with a much higher amplitude in the low-index side. This discontinuity can be used to strongly enhance the field in the low-index NS. Recently, NS structures have been investigated in a light emitter based on an Er-doped silicon waveguide [49] and in 1-D PC cavities [50] . Here, we propose to form an NS in the PC H0 nanolaser. Since the electric energy of the monopole mode in the H0 nanolaser is dominated by the y-polarized component [see Fig. 4 (b) and (c)], the NS along the x-direction is adequate for the aforementioned mechanism of light localization. Fig. 20(b) , the energy peak is located inside the semiconductor just below the NS. Here, peak values of ε|E| 2 and |E| are enhanced by a factor of 2.5 and 1.6, respectively, compared the case without the NS. Such an enhancement can be explained as follows. The E y component in the NS is enhanced by the mechanism mentioned earlier. It is continuously penetrating to the semiconductor at the bottom of the NS, while penetrating D y is enhanced at the boundary. Hence, ε|E| 2 has a maximum just below the bottom of the NS. Such enhancement is effective for strengthening the light-matter interaction such as Purcell effect and strong coupling inside the semiconductor. In the completely perforated NS in Fig. 20(c) , ε|E| 2 is concentrated in the NS and enhanced by a factor of 6.4. The maximum enhancement is expected for ultimately narrow NS by a factor of ε, i.e. (n slab /n air ) 2 ∼ 3.4 2 = 11.6. Such localization is suitable for light-matter interaction outside of semiconductor [51] [52] [53] [54] , for sensing [55] , [56] , and for trapping [57] . Fig. 21 summarizes V m and Q dif as a function of d NS /t. Gray and white regions correspond to the condition that the mode peak is located in the semiconductor and the NS, respectively. The minimum V m is 0.08 (λ/n slab ) 3 = 0.002 (λ/n air ) 3 at d NS /t = 0.4-0.6, and V m in the perforated type is three times larger than this minimum and 1.5 times larger than that without NS. This means that although the strong light localization is observed in the NS, other field is extending over a relatively wider area of semiconductor than the case without NS. Meanwhile, Q dif constantly decreases as d NS /t increases. The partial NS in Fig. 20(b) maintains a high Q dif of ∼10 4 . This value is further degraded in the perforated NS, but pulsed lasing is still possible. Fig. 22 displays the electromagnetic field and energy distributions and its spatial FT in water for perforated NS devices, comparing the results for with and without optimization of airhole shifts. The mode is equally localized in the NS, but Q in water is improved and V m is reduced with s x and s y tuning. For example, Q = 1300 and V m = 0.021(λ/n water ) 3 for the starting structure, while Q = 10 000 and V m = 0.006(λ/n water ) 3 for the optimized structure, even when the absorption of water is taken into account. The calculation also suggests that w NS /a < 0.12 (e.g., w NS < 60 nm for a = 0.5 μm) is necessary for such moderately high Q. Fig. 23 shows SEM pictures of perforated NS device fabricated into the SQW wafer. Note that such a narrow NS of w NS = 30 nm can be formed with the same resist thickness and etching condition, as described in Section III. To our knowledge, this is the narrowest NS ever reported for any devices and materials. In the HI ICP etching, the airholes pass through the GaInAsP active layer as well as the top and bottom InP layers, typically with a total depth of 1 μm. This means that a high aspect ratio of 30 is achieved in this etching.
B. Fabrication and Laser Operation
The optical characterization is performed in a similarity to that described in Section IV. With sensor applications in mind, the device is operated in water. As mentioned earlier, the modal field in semiconductor extends further than the case without the NS. Therefore, the pump efficiency is too low and the laser operation is not observed with the same pump spot as for Fig. 11 . We exchange the pump source to a high-power type at λ = 0.98 μm with multimode fiber output. The spot diameter on the device is 25 μm. It is difficult to obtain cw operation, because heating outside of the cavity is severe for such a large pump spot. Therefore, the measurement is done under pulsed condition (500 ns pulsewidth and 10 kHz repetition frequency). Fig. 24 shows the laser characteristics for many NS devices with w NS = 30-60 nm. Here, P eff only gives a rough measure because it is estimated for a modal area three times larger than that used in Fig. 11 , considering the expansion of V m . The results are compared between with and without s y (=60-120 nm). Clear lasing operation in water is observed for both of them, with 35 dB peak intensity. Devices with s y exhibit . Measured P ou t -P eff and P irr plots for many NS nanolasers with and without structural optimization and laser spectrum above threshold in water for optimized structure. The near-field pattern (NFP) of light output is also shown. lower threshold powers and higher slope efficiencies than those without s y . Fig. 25 shows the unique spectral behaviors of this nanolaser. Fig. 25(a) compares the temperature dependence of lasing wavelength shift Δλ between with and without the NS. The shift increases linearly with temperature T without NS. On the other hand, the dependence Δλ /ΔT is reduced to 0.17 times at T = 20
• C -30
• C and almost eliminated at 40
• C with the NS. This can be explained as the influence of light localization in the NS filled with water. It is known that water has a negative TO coefficient of approximately −10 −4 RIU/K at 20 • C [58] . Therefore, the positive TO effect of the semiconductor can be canceled. Water also has quadratic dependence that enhances the canceling effect at a higher temperature. Solid lines in Fig. 25(a) are obtained by taking account of these effects with the modal profile in Fig. 22 . They explain the experimental behaviors very well, and the saturation in Δλ indicates the athermal point. Based on this athermalization, the spectrum under the pulsed condition drastically narrows, as shown in Fig. 25(b) . The gray line shows that without NS. As discussed in Section IV, the broad spectrum of Δλ s > 0.5 nm is determined by the temporal heating and heat diffusion in water. In contrast, the NS device exhibits a sharp spectrum of Δλ s = 18 pm due to the athermalization. This value is smaller than that without the NS under cw condition, and is close to the resolution limit of the OSA. Fig. 25(c) summarizes the power dependence of Δλ s at four different temperatures and different pulsewidths Δt. The detail of each dependence exhibits irregular increase and decrease of Δλ s with the time-averaged pump power P ave . It might be due to variation of the balance between the heating strength and TO coefficient and/or the deformation of the pump pulse. However, Δλ s roughly increases linearly with P ave at lower temperatures, while the dependence almost disappears at higher temperatures. These results are consistent with each other, and indicate that the mode is localized in the NS as expected theoretically.
C. Sensing Characteristics
There are three important advantages in the NS nanolaser for sensing. First, the modal field localized in the NS enhances the sensitivity against the medium infiltrated and/or attached in the NS. Second, the field in the NS is particularly intensified near the surface of the semiconductor. It is not clearly displayed in Figs. 20 and 22 because of the limited spatial resolution of calculations. However, it is expected from the discussion on the fundamental mechanism of light localization in the NS [47] , [50] . Such field is particularly sensitive to a medium adsorbed at the surface, such as biomolecules. Third, the linewidth Δλ s is greatly narrowed in water and other liquids having a negative TO coefficient, as shown earlier. They improve the sensing resolution according to (2) . Fig. 26 demonstrates the enhanced sensitivity measured by the index liquids. Fig. 26(a) compares the spectral shift in different liquids with and without the NS; the shift is obviously wider with the NS. Fig. 26(b) summarizes the dependence of the sensitivity on w NS . A higher sensitivity of 410 nm/RIU is obtained at w NS = 75 nm, which is a highest record for nanocavity-based sensors. The solid line shows the theoretical value obtained by the FDTD. The good agreement between experimental and theoretical results also supports the hypothesis that the modal field is enhanced in the NS. From the enhanced sensitivity and reduced linewidth, the index resolution is improved to 4.4 × 10 −5 RIU, twice better than that for the cw device in Section IV.
VII. CONCLUSION
GaInAsP QW PC H0 nanolasers with and without NS of 30-60 nm width are fabricated simply by HI ICP etching and operated by room temperature photopumping. With the optimized structural parameters, they exhibit an effective threshold of ∼1 μW, clear mode intensity of 35-50 dB, good reproducibility, and high yield. The theoretical and experimental results are very consistent with each other. From the consistency for NS devices, we confirm the strong mode localization in the NS. A large thermal resistance of 10 6 K/W order is a severe problem in nanolasers exposed to air. It brings a markedly wide thermal chirping of up to Δλ s = 10 nm under pulsed condition and 60 pm even under cw condition. The thermal chirping is suppressed in liquids to 0.5-1.0 nm and 26 pm, respectively. The localized field of the NS device in water allows the further narrowing of Δλ s to 18 pm under pulsed condition due to the canceling of TO effect in semiconductor and water.
From these experimental results, we conclude that the nanolasers are suitable for sensing applications. By considering their essential narrow spectrum, high sensitivity particularly with NS, simple optical I/O and spectral analysis, and potential for low-cost production even by using e-beam lithography, they are promising candidates as high-performance disposal sensor chips. In preliminary experiments, we evaluated an index resolution of 10 −5 order in a single device by using OSA and 10 −3 order in arrayed device without using OSA. In particular, NS devices show higher sensitivities, narrow linewidths under pulsed condition, and athermal properties. They are not only effective for sensing liquids but also biomolecules, which has been presented elsewhere [59] .
